Abundant availability and potential for lower CO2 emissions are drivers for increased utilization of natural gas in automotive engines for transportation applications. However scarce refueling resources for on-road vehicles impose an infrastructure limited barrier on natural gas use in transportation. A novel 'bimodal' engine which can operate in a compressor mode has been developed that allows on-board refueling of natural gas where available without the need for any supplemental device. Engine compression of natural gas however results in considerable heating of the gas which is undesirable from a system stand-point. Micro-channel heat exchangers have been developed to absorb heat from the natural gas using engine coolant and compressed air. This work presents the design and development of the micro-channel heat exchangers as well as a preliminary analysis of system performance. Design methodology for the heat exchanger was based on trade-off studies that correlated system performance with component design. Energy flows through the system are analyzed as a function of engine compression ratio, operating speed, charge flow rate, and ambient air and natural gas conditions. These results are further used to estimate heat transfer co-efficient and effectiveness of the micro-channel heat exchanger. Future work involves developing CFD models of the heat exchanger to obtain a detailed understanding of the conjugate heat transfer and fluid flow processes within the micro-channels.
INTRODUCTION
Natural gas has emerged as a leading alternative to hydrocarbon fuels for transportation applications in recent years. This has been facilitated by the rapid increase in production and unlocking of vast amounts of natural gas from shale deposits through the improvement of hydraulic fracturing or 'fracking', and horizontal drilling technologies. These discoveries and increased production has also led to a considerable decline in the price of natural gas. Natural gas production in the US is expected to grow by 56% from 2012 to 2040 with the contribution from shale gas increasing from 40% in 2012 to 53% in 2040 [1] . This increased supply also means that the difference in retail price between gasoline or diesel and compressed natural gas (CNG) can be over $2 per equivalent gallon of gasoline (GGE) [2] .
Beyond the economic benefits to utilizing natural gas in transportation application, there are other benefits to be accrued as well. One, it reduces the reliance of the nation on import of petroleum. In 2011, the US imported 28 quadrillion BTU of petroleum gallons of crude oil, 70% of which was utilized for transportation applications and 45% of which was imported [3] . This has significant economic and geo-political implications. Natural gas has a higher octane number facilitating the use of higher compression ratios in IC engine applications giving a higher overall efficiency [4] . There are environmental benefits to be gained from natural gas use in transportation. Several studies have indicated a net reduction exhaust gas emissions [5, 6, 7] .
While there are highly persuasive arguments to utilize natural gas in transportation applications, two major barriers remain to be overcome. These relate to vehicle onboard storage of natural gas and refueling capabilities. Over 60 million homes and businesses are connected to the natural gas supply network [8] . However, as of 2012 only 700 public CNG refueling stations are available in the US as compared to over 100,000 gasoline stations [9, 10] . This is because currently, the major application of natural gas is in stationary power generation and residential heating. The lack of refueling infrastructure is reflected in the low market penetration of commercially produced natural gas vehicles. As of now, few vehicles are manufactured and sold in the US operating on natural gas. A significant number of vehicles that operate currently on natural gas are involved in fleet transport.
The onboard storage issue is chiefly due to the low density of natural gas as compared to liquid hydrocarbon fuels. The obvious fix to this problem is to compress or liquefy natural gas for storage. Liquefaction is however a complex and expensive strategy for vehicle onboard applications. It requires cryogenically cooling the gas to a liquid at around -260 deg F, in which form it is stored on board the vehicle and vaporized back to a gas before entering the engine cylinder [11] . This approach is favored by heavy-duty fleets due to cost and space requirements. LNG is typically produced at a limited number of plants and trucked to onsite storage vessels owned by fleets. The evaporation of LNG that occurs during transportation from the LNG plant as well as due to boil-off from the fuel tank onboard the vehicle as a result of heat transfer results in energy losses and cost increases [12] .
Onboard storage of compressed natural gas presents an economically viable opportunity to rapidly incorporate natural gas into transportation applications utilizing the existing natural gas supply infrastructure to homes and small businesses. The chief drawback here is the refueling times which can range on the order of hours depending on supply pressure, availability of an on-site compressor and the associated cost. In ongoing work we are developing technology that incorporates the functionality of a compressor into an existing internal combustion engine. This eliminates the infrastructure limited barrier to utilizing natural gas as well as makes it possible to refuel at any location where natural gas supply is available. A novel 'bi-modal' engine has been developed which by cylinder deactivation can utilize power supplied by firing engine cylinders to operate the nonfiring cylinders in a compressor mode [2, 13, 14] . Current work on the engine aims to compress natural gas entering the engine at atmospheric or slightly boosted pressures around 2 bar to fill a tank up to a pressure of 250 bar in about 30 minutes.
Compressing natural gas in this manner however results in considerable heating due to the compression process. There are several disadvantages associated with this. One, increased work input is required for the compression of the gas due to the increase in its specific volume. Two, the increase in gas temperature is detrimental to the performance of various seals and valving hardware utilized in the modified engine cylinder head. Three, storing hot gas in the fuel tank could potentially change engine performance due to pre-heating of the fuel. Four, any oil that is present in the gas stream could potentially undergo thermal coking resulting in degradation of the flow passages. These are major motivations to cool the natural gas in between compression stages. Since commercial utilization of this technology is the ultimate aim of this project, it is also imperative that the components utilized in inter-cooling occupy as small a space as possible since it needs to be carried onboard the vehicle. Given their compact size, micro-channel heat exchangers provide an alternative to achieve the required inter-stage cooling of natural gas cooling utilizing a small amount of space. The high operating pressures of up to 250 bar further warrant the use of micro-channel heat exchangers. Conventional plate type heat exchangers are typically rated to maximum pressures of 40 bar [15] . The diffusion-bonding process used in the construction of micro-channel heat exchangers allows operating pressures to be as high as 1000 bar [16] . Apart from heat exchanger considerations, for the desired self-contained system, it is also imperative to utilize a coolant that is already present or can be easily incorporated onboard a vehicle.
This work presents the design of a micro-channel based heat exchanger application for compressing natural gas onboard a vehicle. Various heat sinks are considered and a sizing study is carried out to estimate the smallest possible device. These analyses are combined with an energy flow study to estimate the cooling potential currently available onboard the vehicle. The tradeoffs of various configurations are analyzed and arguments are presented for the choice of the final heat exchanger configuration. Finally, the next steps of this project in utilizing CFD simulations to produce the detailed heat exchanger design and to fabricate and test prototype heat exchangers are discussed.
SYSTEM CONFIGURATION
A novel bi-modal engine concept is utilized to operate an internal combustion engine in a compressor mode during natural gas refueling [13] . The engine utilized in this work is a Ford 8-cylinder automotive engine typically used in pickup-truck applications. It has a displacement of 6.2 liters and is a V-engine with two rows of 4 cylinders with two separate cam-shafts as shown in Fig. 1 . The major modification of the engine in order to incorporate the natural gas refueling strategy is in the additional components and technology incorporated into the cylinder head. During the natural gas refueling process, the intake and exhaust valves on the compressing cylinders are deactivated and check valves incorporated into the cylinder head regulate the flow of natural gas. Within the engine the compression of natural gas is performed in two stages. In the first stage, the supply natural gas is routed into the intake of three engine cylinders which compress the gas by a pressure ratio of about 8 (Pout ≈ 8 [bar]). The combined mass flow from all three cylinders is then routed to the fourth cylinder which forms the second stage with a pressure ratio also of about 8 (Pout ≈ 64 [bar]). The compressed gas is then sent to a 'topper' device which is a small compressor on board the vehicle (Pout ≈ 254 [bar] . The continuously operating topper device pressurizes the gas to the final pressure in the tank. The three stage compression process is selected for its ability to achieve the compression in the most efficient manner.
HEAT EXCHANGER SPECIFICATIONS
The three stage compression process means that there are also three inter-stage cooling opportunities. Based on filling and emptying models for the engine cylinders involved in the compression process, estimates have been obtained for the mass flow rates of natural gas, its inlet and outlet temperatures, and inter-stage pressures. These values are presented in Table 1 . By utilizing these numbers it is possible to calculate the heat loads for each stage which are also presented in 
HEAT SINK OPTIONS
As mentioned previously, the goal of this application is to develop a self-contained system with a supply source of natural gas being the only requirement external to the vehicle. To this extent, any fluids used for the heat sink as well as any additional accessories required by the heat exchanger have to be present onboard the vehicle. Three main heat sinks were considered for this application; air, engine coolant, and refrigerant (R134a).
Atmospheric air is freely available but this option requires the presence of a blower onboard the vehicle to supply it to the micro-channel heat exchangers. The blower has to be of a reasonable size to be installed on the vehicle as well as be able to operate on a 12 V DC power supply available on the vehicle. Engine coolant (EC) and R134a are available onboard the vehicle. Engine coolant, typically a mix of water and ethylene glycol in a 50:50 mixture by mass is used in the engine coolant system while R134a is utilized in the vehicle air-conditioning (a/c) system. Since the engine coolant system incorporates a water pump for circulation and the a/c system incorporates a compressor, both these heat sink options do not require any additional hardware for coolant supply. Table 2 summarizes the achievable flow rates, maximum heat loads, typical inlet and outlet temperatures, and pressures of the different heat sink options. Air flow rates presented are based on the selection of a suitable sized blower (PSC thermal solutions, part# PI1217562UB2M) that can be installed on the vehicle. A photograph of the selected blower is presented in Fig. 2 (a) and its specifications are presented in Fig. 2(b) . 
HEAT EXCHANGER SIZING STUDY
The availability of several heat sink options onboard the vehicle implies that different heat exchanger configurations are possible for natural gas cooling purposes. In addition, the heat exchangers themselves offer different possible configurations. The two main configurations identified for this application are the counter-flow heat exchangers with both fluids enclosed within internal passages and the cross-flow type heat exchanger with one fluid inside internal passages and the other (typically air) moving in a perpendicular direction similar to a standard automotive radiator. Since counter-flow heat exchangers are generally more compact than cross-flow heat exchangers, and size is the biggest constraint driving the current design process, only counter-flow heat exchanger configurations are evaluated in this study. The main driving factors in selecting the final configuration are overall heat exchanger size and the size and requirements of any additional accessories required for heat exchanger operation. With this in mind, a detailed study was conducted to size the different potential heat exchanger configurations.
A temperature gradient is required to achieve heat transfer and from the specifications provided in Table 1 and the heat sink options presented in Table 2 , it becomes clear that while air and R134a can provide natural gas cooling to the required exit temperature, engine coolant (EC) is not capable of achieving the same. This is primarily due to the higher temperature of EC in the coolant system. This high temperature of around 90 O C is required for optimum engine combustion performance. Having the EC at a lower temperature would result in increased heat loss in the engine cylinder leading to detrimental combustion efficiency. If EC were to be used as a heat sink, it would only provide partial cooling of natural gas to the specified outlet temperature. This means that a two-stage heat exchanger would be required with air or R134a used in cooling the natural gas from the outlet temperature of first stage utilizing EC to the specified outlet temperature.
Another constraint is posed on the system configuration by the limitations of the a/c system onboard the vehicle. As can be seen from Table 2 , the maximum cooling load of the a/c system is about 12 kW while the total cooling required presented in Table 1 is of the order of 20 kW. In addition the cooling load in the a/c system is directly related to engine operating speed Table 1 . Specifications for the heat exchangers obtained from engine filling and emptying models. Table 2 . Heat sink options and corresponding specifications. since this determines the compressor operating speed. According to the system design, the engine operates close to idle at a speed of about 1200 RPM during the refueling process. This means that realistically, the cooling capability of the a/c system available during refueling is of the order of 4-5 kW. Hence, in order to utilize R134a as the heat sink, a two-stage heat exchanger would be required as well. Based on the above considerations, the following configurations were identified as the possible candidates for the natural gas cooling system: Configuration 1: Single stage heat exchanger with air as heat sink Configuration 2: Two-stage heat exchanger with EC and air as heat sinks Configuration 3: Two-stage heat exchanger with EC and R134a as heat sinks The next step was to size the different configurations along with the required accessories. Sizing scripts were developed in Engineering Equation Solver (EES) for this purpose. The sizing was done using the log-mean temperature difference (LMTD) method. The following steps outline the generic procedure used to size the micro-channel heat exchangers.  Estimate the required coolant flow rate ̇=̇ * , * ( , − , )
 Estimate the heat transfer coefficient for natural gas. The Nusselt number (Nu) for all calculations is taken to be 8.235 corresponding to long aspect ratio channels [19] . The hydraulic diameter (Dh) is approximated as 2*h since the width is much greater than the micro-channel height. For configuration 3 utilizing R134a as the heat sink, there is a change of phase involved with R134a as it passes through the heat exchanger. This is incorporated into the sizing calculations. R134a enters the heat exchanger as a sub-cooled liquid and leaves the heat exchanger as a super-heated vapor at the same pressure. The total resistance to heat transfer during the phase where R134a undergoes phase change is assumed to be solely due to thermal resistance on the natural gas side. This gives the following expression for the overall heat transfer coefficient for the heat exchanger utilizing R134a. 1 = 1 ℎ The sizing study has been performed only for the heat exchanger in the first inter-stage, i.e., at the exit of three engine cylinders. It is assumed that the size of the heat exchanger and associated flow rates and pressure drops will scale linearly with heat load for the two other inter-stages. The major difference in sizing of stage 2 and stage 3 heat exchangers will be due to higher wall thickness required in these stages due to the higher differential pressure between natural gas and coolant. A length of 10.16 cm (4") and width of 7.62 cm (3") has been assumed for all configurations to fit into the space available under the hood of the vehicle under consideration. The heights of the microchannel for configurations utilizing air are adjusted to limit the pressure drop in the heat exchanger to match with the capabilities of the blower shown in Fig. 2(b) . Table 3 summarizes sizing results for all configurations. Overall dimensions of the heat exchanger as well as micro-channel specific sizes are presented along with flow rates and pressure drops. These values correspond to the requirements of the first stage heat exchanger. Table 4 presents the total volumes, flow rates and pressure drops for all three heat exchangers based on linear scaling of heat exchanger size with heat load. The volumes take into account the Table 3 . Sizing details and associated flow rates and pressure drops for 1 st stage heat exchanger for the three different configurations.
Table 4.
Total sizing details and associated flow rates and pressure drops for 3 heat exchangers for the three different configurations.
blower volume required for cooling using air from the blower as well as the volume of the headers associated with each heat exchanger. A header size of 5 mm per heat exchanger is assumed in the length wise direction.
Sizing calculations were also performed for two other natural gas exit temperatures of 30 0 C and 75 0 C. The main objective was to understand the implications on heat exchanger size if allowances could be made for increased and decreased natural gas operating temperatures within the engine cylinders. Figure 3 shows a plot of total heat exchanger volume as a function of natural gas exit temperature for the three configurations.
ENGINE ENERGY FLOW MODEL
An energy flow model has been developed for the engine under consideration. The main motivation for this was to estimate the available cooling capacity of the engine coolant and other fluid streams. This is important because during engine operation at idle speed, the engine coolant is still required to maintain reasonable engine temperatures for the firing cylinders. Hence, it is necessary to ensure that the cooling system is not overloaded.
The energy flow model starts with an estimation of the engine power output during idle conditions as part of the engine operates in the compressor mode for refueling. The work done in the compressing cylinders combined with heat transfer from the compressing gas to the engine coolant is the required work input supplied by the firing cylinders. In addition the firing cylinders also have to supply power to overcome the parasitic loads related to the coolant pump, the a/c compressor, the alternator, etc. The total work output from the firing cylinders can be calculated knowing the engine operating speed, the compression work and the parasitic engine load. This work output from the firing cylinders forms a fraction of the chemical energy of the fuel that enters the engine. Figure 4 that is adapted from Heywood [20] shows the typical fuel energy utilization in a spark ignited IC engine. Knowing the useful work output from the firing cylinders and using data from Fig. 4 , it is possible to compute the coolant load posed by the firing cylinders. This in addition to the thermal loads in the three heat exchanger stages is the total heat load in the engine coolant system. Table 5 summarizes the results of this calculation for an engine speed of 1200 RPM. Given the engine coolant flow rate of 10 gallons/minute at 1200 RPM, the total cooling load available from the coolant flow is 24 kW. Since this is more than the 33.5 kW total cooling load required at that speed for configurations 1 and 2, some modifications will have to be made in order to supply the required cooling capacity. The simple fix for this issue would be to increase the coolant flow rate by running the water pump at a higher speed. This can be done by modifying the pulley ratio between the engine shaft and the water pump. As regards the a/c system, it appears that the cooling load on R134a imposed by the heat exchanger application can be supplied by the compressor operating at its normal load at 1200 RPM. However, if the a/c load on the vehicle is increased due to cooling required within the vehicle cab, the a/c compressor capabilities could be exceeded.
DISCUSSIONS AND CONCLUSIONS
Using the sizing results obtained for the micro-channel heat exchangers and taking into account the requirements of any additional accessories required, a decision was made to select configuration 3 in order to accomplish onboard cooling of natural gas. Besides giving the smallest overall size, configuration 3 does not require any additional onboard blowers which would be required for configurations1 and 2. As mentioned in the previous section, configuration 3 Table 5 . Results from the energy flow model illustrating the available EC and R134a cooling capacities based on engine idling operation at 1200 RPM.
the capacity of the water pump to be increased at engine idle conditions to provide the required cooling capacity. By utilizing the available heat sinks onboard the vehicle (engine coolant and R134a), it appears to be indeed possible to have a self-contained system for natural gas inter-stage cooling utilizing counter-flow micro-channel heat exchangers.
FUTURE WORK
Current work on this project involves the detailed design of the individual layers of the micro-channel heat exchanger. The design once completed will be further evaluated using computational fluid dynamics (CFD) simulations using FLUENT [21] to investigate flow distribution and pressure drop through the micro-channels. Current efforts are focused on completing a detailed design of the individual shims. The shim design will be used for generating meshes for the CFD calculation. The mechanical stress induced on the heat exchanger walls will be evaluated as well. This is critical given the high operating pressure conditions in the heat exchanger. Once designed, a prototype model of the heat exchanger will be fabricated externally and tested at the Energy Systems Laboratory located at the Oregon State University campus in Bend, Oregon. The test cell setup is currently being built with the engine having been already acquired and in the process of being mounted on a dynamometer setup. It is anticipated that results obtained from CFD calculations and prototype testing will be utilized for the final design and fabrication of the microchannel heat exchangers for the onboard natural gas refueling application. 
